nature neurOSCIenCe a r t I C l e S In the peripheral nervous system, myelin is made by Schwann cells as a multilayered membrane sheath that provides electrical insulation and low-capacitance ensheathment of large-caliber axons for rapid impulse conduction 1,2 . Myelin sheath thickness is proportional to fiber size, with a g-ratio (axon diameter/myelinated fiber diameter) of about 0.71 that provides optimal nerve conduction velocity. The underlying fine-tuning of myelin membrane growth is controlled by axonal signals 1,3 , most notably by expression of the neuronal EGF-like growth factor NRG1 (refs. 4,5). During peripheral nerve development, neuronal NRG1 type III is the predominant isoform, regulating virtually all stages of the Schwann cell lineage, and the amount of axonally expressed NRG1 type III determines myelin sheath thickness [3] [4] [5] [6] [7] . This interaction of axonal NRG1 type III with ERBB2 and ERBB3 receptor tyrosine kinases, expressed on Schwann cells and their precursors, is well understood 6, 7 .
a r t I C l e S
In the peripheral nervous system, myelin is made by Schwann cells as a multilayered membrane sheath that provides electrical insulation and low-capacitance ensheathment of large-caliber axons for rapid impulse conduction 1, 2 . Myelin sheath thickness is proportional to fiber size, with a g-ratio (axon diameter/myelinated fiber diameter) of about 0.71 that provides optimal nerve conduction velocity. The underlying fine-tuning of myelin membrane growth is controlled by axonal signals 1, 3 , most notably by expression of the neuronal EGF-like growth factor NRG1 (refs. 4,5) . During peripheral nerve development, neuronal NRG1 type III is the predominant isoform, regulating virtually all stages of the Schwann cell lineage, and the amount of axonally expressed NRG1 type III determines myelin sheath thickness [3] [4] [5] [6] [7] . This interaction of axonal NRG1 type III with ERBB2 and ERBB3 receptor tyrosine kinases, expressed on Schwann cells and their precursors, is well understood 6, 7 .
However, the Nrg1 gene encodes an entire family of more than 15 membrane-resident and secreted proteins [6] [7] [8] , including that of NRG1 type I and II, which act as soluble signaling factors. Although these isoforms have also been detected in the peripheral nervous system (see below), their physiological function is unknown.
After nerve injury, Schwann cells have an important role for repair by contributing to the growth permissive environment that allows peripheral axons to regenerate 9 . At the same time, Wallerian degeneration (and the disintegration of axonal membranes) completely disrupts axon-Schwann cell contacts, which had persisted throughout normal development. Whereas ERBB2 is reportedly dispensable for Schwann cell survival and proliferation after injury 10 , Schwann cells redifferentiate and then remyelinate newly generated axons in a NRG1-dependent fashion 11, 12 .
After remyelination, the normal ratio between axon diameter and myelin sheath thickness is lost. By g-ratio analysis, the remyelinated axons are substantially hypomyelinated 13, 14 , but it is unclear why. Hypomyelination could be caused either by insufficient stimulation of redifferentiated Schwann cells or by inhibitory signals, or both. In addition, Schwann cells could have lost the ability to normally respond to myelination-inducing factors 13 . Using Nrg1 transgenic (C57Bl6-Tg(Thy1-Nrg1*III)1Kan +/− and C57Bl6-Tg(Thy1-Nrg1*I)1Kan +/− , termed Nrg1(I) or Nrg1(III) tg mice, respectively 4 ) and conditional Nrg1 mutant mice (C57Bl6-Tg(Dhh-cre)1Mejr crossbred to C57Bl6-(Nrg1 tm2Cbm ) mice, termed Dhh-Cre × Nrg1 loxP/loxP mice 15, 16 ), we addressed the unresolved question of why Schwann cells do not regain the normal myelin sheath thickness after nerve injury 13, 14 .
Here we show that peripheral nerve remyelination was more efficient in mice overexpressing NRG1 type III (Thy1-Nrg1(III) tg mice) than in the wild type, but to our surprise this was also more efficient in mice overexpressing NRG1 type I (Thy1-Nrg1(I) tg mice). Additional analysis led to the finding that nerve injury triggered expression of NRG1 type I by Schwann cells, which is barely detectable in intact nerves. We demonstrate in a conditional mouse mutant that Schwann cell-derived NRG1 is essential for efficient peripheral nerve remyelination. This leads to a greatly expanded model of NRG1 in myelination control, which includes the autocrine stimulation of remyelination by Schwann cells that have transiently lost normal axonal contacts.
RESULTS

Neuronal NRG1 restores myelin thickness after injury
We first asked whether elevated neuronal (axonal) NRG1 expression could improve the incomplete remyelination typically observed after a r t I C l e S peripheral nerve injury. To this end, we induced sciatic nerve crushes in mice that overexpress NRG1 type III under control of the neuronal Thy1 promoter. This membrane-bound growth factor improved myelin thickness after repair, with g ratios resembling those observed during developmental hypermyelination 4 (Supplementary Fig. 1a) . Also, overexpressing the soluble NRG1 type I isoform in mice (which has no effect on normal myelination 4 ) improved remyelination of crushed sciatic nerves. In these mice, 4 weeks after injury, the g ratios were indistinguishable from those in untreated (intact) wild-type or untreated Nrg1(I) transgenic mice (Fig. 1a,b and Supplementary  Fig. 1b ). In line with these histological observations, we determined an up to twofold increase of key regulators of myelin membrane biogenesis at the transcriptional level (Fig. 1c) .
That nerve conduction velocity was not fully restored ( Fig. 1d ) is explained by reduced axonal calibers of the regenerated nerves at 4 weeks after injury, a finding independent of the genotype (Supplementary Fig. 1c,d) . Nerve conduction velocity was presumably additionally reduced by the shortened internodal length of remyelinated axons, which was only marginally improved in mice overexpressing NRG1 type I (Fig. 1e) . This confirms that longitudinal myelin growth is not substantially regulated by NRG1 (ref. , which project into the crushed sciatic nerve (injured side, 2 weeks after crush), compared to motoneurons of the intact side. Nuclei were stained with DAPI. (b) Expression of mRNA encoding NRG1 type III in the ventral horn of the spinal cord lumbar segments L1-L2 at indicated times, normalized to the contralateral (control) side (n = 5 per time point; mean ± s.e.m.; AU, arbitrary units). (c) Nrg1 mRNA expression in the sciatic nerve measured at indicated time points after nerve crush, both proximal and distal to the crush site and compared to the non-injured contralateral nerve (defined as 1.0). n = 4-5 per time point, mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant. (d) Confocal imaging of wild-type sciatic nerves reveals a strong increase of NRG1 protein expression (NRG1, green) in remyelinating Schwann cells (S100 and MPZ, magenta) 4 weeks after nerve crush. Nuclei were stained with DAPI. Scale bars, 20 µm and 3.5 µm (high magnification at far right). ). *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant. npg a r t I C l e S Tested molecular markers of Schwann cell proliferation (KI67) and differentiation (POU3F1, periaxin and EGR2) were unchanged at the RNA and protein level when quantified 2 weeks after crush, at the beginning of remyelination ( Supplementary Fig. 1e ,f and data not shown). Similarly, improved remyelination after injury was not associated with differences in Schwann cell number (Supplementary Fig. 1g ).
Schwann cell-derived NRG1 is induced after nerve injury As remyelinating Schwann cells did not lose their ability to respond to elevated expression of NRG1 in transgenic mice, an 'insufficient supply' of neuronal NRG1 could underlie hypomyelination after peripheral nerve injury. Schwann cells most likely lack stimulation by axonal NRG1 type III simply because of the loss of axonal contact during Wallerian degeneration 17 . Moreover, in wild-type motoneurons of the spinal cord, we detected a decrease of NRG1 expression 2 weeks after nerve crush, a time when axons regrow and become remyelinated 17, 18 (Fig. 2a) . Expression of mRNA encoding NRG1 type III returned to normal about 4 weeks after crush (Fig. 2b) . Consistently, transcription of Nrg1(III) in dorsal root ganglia (DRG) neurons transiently decreased after nerve injury, in line with previous observations 19 (Supplementary Fig. 2a) . Notably, in DRG neurons of mice overexpressing NRG1 type I, the temporal expression pattern of mRNA encoding NRG1 type III after nerve crush was indistinguishable from that in injured wild-type mice (Supplementary Fig. 2b ). In the course of these studies we also analyzed the proximal and distal compartment of crushed sciatic nerves and observed that expression of mRNA encoding NRG1 type I (but not type II or type III), was strongly induced in denervated Schwann cells (Fig. 2c) 20 . Notably, the distal stump of the injured nerve demonstrated a much stronger (about twofold) expression of mRNA encoding NRG1 type I compared to that in the proximal nerve segment (Fig. 2c) . In this distal region, mRNA encoding NRG1 type I in Schwann cells was induced within 24 h and remained above normal until at least 2 weeks after crush, that is, during the dedifferentiation and early redifferentiation and remyelination period in Schwann cells 17, 18 (Fig. 2c) . A corresponding increase in the amount of NRG1 protein in remyelinating Schwann cells was still detectable by immunofluorescence and western blot analysis 4 weeks after crush ( Fig. 2d and Supplementary Fig. 2c ).
Schwann cell NRG1 expression is controlled by axonal NRG1
We hypothesized that denervated Schwann cells contribute to remyelination by expression of NRG1 type I and autocrine stimulation after nerve injury, perhaps compensating for the lack of axonal contacts and insufficient supply of axonally presented NRG1 type III. Thus, we also hypothesized that Schwann cells might induce NRG1 expression in response to reduced exposure of axonal NRG1. Indeed, in adult mutant mice with a reduced expression of NRG1 type III (C57Bl6-Nrg1 tm1Lwr , termed Nrg1(III) +/− mice here 21 ), we observed an increase in Schwann cell-derived mRNA encoding NRG1 type I (Supplementary Fig. 2d ).
To study this dependency in detail, we took advantage of primary rat Schwann cell cultures. By mRNA expression in these (denervated) Schwann cells, mRNA encoding NRG1 type I was indeed the most abundantly expressed transcript (Supplementary Fig. 2e ). We then compared the level of mRNA encoding NRG1 type I between primary rat Schwann cells in monocultures and Schwann cells exposed (for 3 d) to live axons obtained from cultured DRG neurons. Indeed, this axonal contact induced the downregulation of mRNA encoding NRG1 type I in cultured Schwann cells (Fig. 3a) . Treatment of Schwann cells with conditioned medium from wild-type neurons did not notably affect npg a r t I C l e S mRNA encoding NRG1 type I (Fig. 3a) . However, similar conditioned medium from neurons overexpressing NRG1 type I caused a significant (P < 0.001, two-tailed Student's t test) decrease in mRNA encoding NRG1 type I in Schwann cells (Supplementary Fig. 2f ).
To determine whether neuronal NRG1, the key axonal regulator of Schwann cell differentiation, controls NRG1 expression in trans, we treated cultured Schwann cells with the recombinant (EGF-like) signaling domain common to all NRG1 isoforms. In these experiments, Schwann cells had reduced amounts of mRNA encoding NRG1 type I within 1 d after addition of the recombinant protein (Fig. 3b) and exhibited a clear decrease of NRG1 protein after 3 d (Fig. 3c) . This NRG1-dependent inhibition of glial mRNA encoding NRG1 type I could be abolished by pharmacological inhibition of either the ERBB2 receptor or the ERK1/2 signaling pathway, but not by inhibition of PI3 kinase or calcineurin signaling (Fig. 3d) .
To explore these mechanisms in vivo, we performed sciatic nerve crushes in wild-type mice and simultaneously applied NRG1 protein (that is, the soluble EGF-like domain) to the distal nerve segment, to test the hypothesis that exogenous NRG1 regulates Nrg1 transcription in Schwann cells. One day after injury, exogenously supplied NRG1 had reduced Schwann cell mRNA encoding NRG1 type I by more than 50% (Fig. 3e) . This inhibition by soluble NRG1 was abolished by concomitant application of ERBB2 or ERK1/2 inhibitors to the crushed nerve (Fig. 3e) .
Next, we analyzed the temporal pattern of ERBB2 and ERK1/2 phosphorylation in the crushed sciatic nerve. After rapid phosphorylation of ERK1/2 (6 h after crush; Supplementary Fig. 2g ), ERBB2 and ERK1/2 were strongly activated by 4 d, as previously reported 20, 22 ( Fig. 3f ). An increase of NRG1 protein was detected at 1 d and persisted for at least 4 weeks after crush (Fig. 3f and Supplementary  Fig. 2c ). This suggests that also the activation of ERBB2 and ERK1/2 is mediated by NRG1 released from resident Schwann cells. To test this hypothesis directly, we generated a mouse mutant (Dhh-Cre × Nrg1 loxP/loxP mice) lacking Nrg1 expression selectively in Schwann cells (Fig. 3g) . Four days after crush, ERBB2 and ERK1/2 phosphorylation were absent in these mutants (Fig. 3g) .
Thus, we suggest a working model in which axonal NRG1 type III signaling to myelinating Schwann cells, mediated by ERBB receptors and the ERK1/2 signaling pathway, is a mechanism by which myelinated axons continuously suppress Nrg1 type I transcription in Schwann cells themselves. However, if 'derepressed' (after Wallerian degeneration with demyelination, Schwann cell dedifferentiation and the loss of axonal contact), an autocrine or paracrine NRG1 type I signaling by Schwann cells contributes to efficient remyelination after injury.
Schwann cell-derived NRG1 in remyelination To determine in vivo whether NRG1 signaling by Schwann cells is indeed critical for efficient remyelination of injured nerves, we took advantage of the Dhh-Cre × Nrg1 loxP/loxP mice. Morphological analysis revealed no obvious defects of myelination (Fig. 4a) , with normal g ratios and axonal size distribution (Fig. 4b) . Thus, Schwann cell-derived NRG1 appears dispensable for primary myelination and myelin maintenance. npg a r t I C l e S
In contrast, loss of NRG1 expression from Schwann cells strongly impaired remyelination after nerve crush, resulting in more severe hypomyelination than that observed for nerve regeneration of wildtype mice (Fig. 4c,d and Supplementary Fig. 3a,b) . In addition, we noticed fewer myelinated axons in (remyelinated) sciatic nerves, together with more axons (>1 µm in diameter) that had remained completely unmyelinated (Fig. 4e and Supplementary Fig. 3c ). The vast majority (83%) of these unmyelinated axons were associated with Schwann cells (Supplementary Fig. 3c ). Schwann cell numbers 4 weeks after nerve crush were unaltered (Supplementary Fig. 3d) .
After crush injury, electrophysiological recordings of the sciatic nerves in Schwann cell-specific Nrg1 mutants revealed an additional reduction in nerve conduction velocity and in compound muscle action potentials compared to crush injury in control mice (Fig. 4f) . Also the functional recovery of locomotion was severely impaired in Dhh-Cre × Nrg1 loxP/loxP mice, as measured by standardized walking analysis and calculation of the sciatic nerve functional index (Fig. 4g) .
To explore the role of Schwann cell-derived NRG1 type I in the regenerating nerve, we analyzed axon breakdown and Schwann cell dedifferentiation (Fig. 5a and Supplementary Fig. 3e ), which normally peaks 4 d after nerve injury 17, 18 . We observed more myelincontaining axon degeneration profiles ('myelin balls') in Dhh-Cre × Nrg1 loxP/loxP mutant mice, and it is plausible that upon axon injury Schwann cells dedifferentiate faster if they can not switch to NRG1 type I as an alternate autocrine/paracrine signal. However, the much larger number of (still) myelinated and (partially) degenerated axons was not different at 4 d (Fig. 5a and Supplementary Fig. 3e ). In contrast, 2 weeks after injury, when in controls many more axons have regrown and become remyelinated 17, 18 , Dhh-Cre × Nrg1 loxP/loxP mutant mice exhibited fewer myelinated axons (Fig. 5b) . Schwann cell numbers and Schwann cell proliferation rates were not altered, as determined by Mki67 mRNA quantification and KI67 immunostaining (Fig. 5c and Supplementary Fig. 3f,g ). Only the number of cells expressing the transcription factor POU3F1, a marker of immature Schwann cells 23 , was increased (Fig. 5d) . In turn, an essential transcription factor of myelination, EGR2, and the myelin proteins periaxin and myelin protein zero were reduced in abundance in mutant nerves compared to controls (Fig. 5c,d) . We conclude that NRG1 expression by Schwann cells is required for their own timely redifferentiation after axonal injury.
Finally, we asked whether the elevated expression of Nrg1(I) in neurons (which had also enabled 'complete' remyelination in transgenic mice) would rescue the poor remyelination that we observed in Schwann cell-specific Nrg1 mutants. Notably, mRNA expression of Schwann cell-derived Nrg1 after nerve crush was not different in these mutants compared to injured controls (Supplementary Fig. 4a ). In the progeny of Dhh-Cre × Nrg1 loxP/loxP × Nrg1(I) tg mice, we assessed sciatic nerve remyelination after crush, and found this to be inefficient. Analysis of myelin sheath thickness revealed that these double mutants clearly did not remyelinate as efficiently as mice overexpressing NRG1 type I did (Fig. 5e,f and Supplementary  Fig. 4b) . Indeed, hypomyelination in these mice was closest to that in Dhh-Cre × Nrg1 loxP/loxP single mutants (Fig. 4c,d) . Thus, in an experimental situation, neuronal NRG1 type I can promote efficient myelin repair, but it cannot compensate for the absence of Nrg1 expression in Schwann cells.
DISCUSSION
We found that the regulation of myelin synthesis in Schwann cells, tightly controlled by the axonal growth factor NRG1 type III, becomes a n.s. Fig. 4c) . Theoretically, demyelination and dedifferentiation may also contribute to increased NRG1 expression in Schwann cells after injury. However, we note that a reduced baseline expression of axonal NRG1 type III in mutant mice (Nrg1(III) +/− mice) was sufficient to increase mRNA encoding NRG1 type I in Schwann cells. Moreover, the exposure to axonal membranes or the treatment with recombinant NRG1 protein were sufficient to suppress Nrg1 expression by Schwann cells, in vitro and in vivo, and this downregulation required ERBB receptor functions and the MAPK pathway in Schwann cells. Finally, in transgenic mice with acute nerve injury, the neuronal overexpression of either NRG1 type I or type III strongly promoted the remyelination of axons, to the point that we measured 'normal' myelin sheath thickness. Thus, NRG1-ERBB signaling in peripheral nerves becomes complex after nerve injury and involves both axonal and Schwann cell-derived NRG1 isoforms. Schwann cells are known to respond to peripheral nerve injury with a unique regenerative program. They demonstrate an exceptional plasticity in the nervous system, characterized by the ability to dedifferentiate and to convert into redifferentiating and remyelinating cells after nerve damage 24 . In contrast, it is not obvious why myelin sheath thickness of regenerated axons remains reduced 13, 14 and why complete functional recovery after peripheral nerve trauma is rare 25 .
That remyelination is not a simple recapitulation of nerve development has been clearly established in the recent years 24, 26 . Especially the dedifferentiation of Schwann cells has been characterized in detail, and factors that negatively regulate myelination have been identified 23, 24, 27 . Remyelination, in constrast, depends on extracellular matrix compounds, neurotrophic factors and hormones 3, 25, 26 . Factors that specifically drive Schwann cell redifferentiation and remyelination in adult nerves were previously not known. During normal development axonal NRG1 type III is crucial for Schwann cell proliferation, differentiation and myelination 6 . Our data suggest that the Schwann cell response to NRG1 differs in many ways after injury (compared to primary development). For example, lack of NRG1 signaling did not affect Schwann cell numbers after nerve crush, in agreement with normal proliferation of mature Schwann cells lacking ERBB2 receptors 10 . Indeed, after Wallerian degeneration, Schwann cells must proliferate in the absence of axons, and axons will regrow only after Schwann cells have formed longitudinal cell columns, the 'bands of Büngner' 26 . Nevertheless, axonal NRG1 is required for remyelination 11 .
Can reduced axonal NRG1 signaling after nerve injury account for incomplete remyelination 13, 14 ? Neuronal overexpression of NRG1 type III restores myelin sheath thickness and even induces hypermyelination after nerve crush, demonstrating that Schwann cells are NRG1-responsive also in regenerating nerves. That also neuronal NRG1 type I overexpression rescues mice from inefficient myelin repair surprised us and was more difficult to understand because endogenous expression of NRG1 type I is low in DRG and motoneurons 8, 28 . Axonal NRG1 type I is a paracrine signaling molecule that reaches denervated Schwann cells easily at a distance and could simply mimic Schwann cell-derived NRG1 type I. However, neuronal overexpression of NRG1 type I cannot compensate for Schwann cell-derived NRG1 type I, suggesting that neuronal and glial NRG1 functions are distinct in the course of myelin repair. We emphasize that Schwann cell-derived NRG1 type I is most prominent at early time points after injury, that is, when axons (and thus axonal NRG1 type III) are lost by Wallerian degeneration. Neuronal NRG1 overexpression is only functional when axons have regenerated and therefore specifically affects later stages of Schwann cell redifferentiation and remyelination. This may explain why neuronal NRG1 signaling can not fully 'compensate' for the absence of Schwann cell-derived NRG1 type I after injury (in Thy1-Nrg1(I) tg × Dhh-Cre × Nrg1 loxP/loxP mice), which remains essential for the initial steps of remyelination.
After Wallerian degeneration, Schwann cell redifferentiation begins in the absence of axonal NRG1 and may instead be controlled by Schwann cell autonomous factors. The amount of mRNA encoding NRG1 type I in Schwann cells was highest between days 1 and 4, when axons (and consequently axonal NRG1 type III) were absent from the distal stump. The induction of NRG1 type I in injured Schwann cells in vivo is likely related to the behavior of 'denervated' Schwann cells as observed in culture. Both axonal contact and the addition of recombinant NRG1 suppresses their endogenous NRG1 expression, and we suggest that axonal NRG1 also negatively regulates the expression of NRG1 type I in associated Schwann cells in vivo. Thus, NRG1 type I emerges as a cell-autonomous Schwann cell growth factor in the regenerating nerve. We note that aberrant stimulation of cell growth by autocrine or paracrine NRG1-ErbB signaling has been observed in Schwann cell cultures and in human Schwannomas 29, 30 , but the function of these signaling loops had remained obscure.
In line with our working model, mice deficient for NRG1 expression in Schwann cells had normal peripheral nerve development, demonstrating that Schwann cell-derived NRG1 is dispensable in the presence of axonal NRG1 type III. In contrast, after peripheral nerve crush, mice lacking NRG1 in Schwann cells exhibited severely impaired nerve regeneration. Thus, denervated Schwann cells require autocrine NRG1 type I signaling for timely redifferentiation, whereas neuronal NRG1 (specifically the axon-bound isoform) stimulates remyelination by itself.
Taken together, the redifferentiation of Schwann cells after nerve injury and the efficient remyelination of new axons occur in a critical time window, in which denervated Schwann cells are susceptible to growth-factor stimulation. We suggest that NRG1 expression, switching from neurons (axons) to Schwann cells (Supplementary Fig. 4c) , is required for efficient myelin repair and thus constitutes an endogenous regulator of Schwann cell differentiation and myelin synthesis in the adult. Better use of this time window may be a starting point for therapeutic strategies where remyelination fails.
METHODS
Methods and any associated references are available in the online version of the paper. ONLINE METHODS mutant and transgenic mice. The generation and genotyping of C57Bl6-Tg(Thy1-Nrg1*III)1Kan +/− , C57Bl6-Tg(Thy1-Nrg1*I)1Kan +/− , C57Bl6-(Nrg1 tm2Cbm ) mice and C57Bl6-Nrg1 tm1Lwr mice has been described 4, 16, 21 . The Dhh-Cre driver line (C57Bl6-Tg(Dhh-cre)1Mejr) was also genotyped as described 15 . For PCR, we isolated genomic DNA from tail biopsies, using Invisorb Spin tissue Mini Kit (Invitek), according to the manufacturer's directions. For routine genotyping, we used PCR primers in a coamplification reaction. Primer sequences are available upon request. All animal experiments were approved and carried out in compliance with the guidelines of the Max Planck Institute of Experimental Medicine.
nerve crush experiments. Adult mice at the age of 3 months were anesthetized with ketaminhydrochloride and xylazinhydrochloride (100 mg/kg body weight and 8 mg/kg body weight) and the sciatic nerve was exposed. The nerve was crushed at the mid-femoral level by a standardized compression with artery forceps for 40 s. The crush site was marked with an endoneurial suture. The mice were killed 0.5 d, 1 d, 4 d, 7 d, 14 d or 28 d after surgery, and their sciatic nerves and spinal cords were isolated and processed for histology, mRNA expression and protein expression analyses. For histology, the sciatic nerve was analyzed 4 mm distal to the crush injury site. The spinal cord was dissected from the first to the second lumbar segment (L1-L2), and mRNA expression analysis was performed with the ipsilateral and contralateral ventral quadrant, whereas crosssections where used for immunohistochemistry. Pharmacological experiments were performed by intraneural injection of 5 µl carrier solution into the distal part of injured sciatic nerves using a glass capillary and hand-held Hamilton syringe (Hamilton-Bonaduz).
electron microscopy and morphometry. Mice were perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M PBS. Sciatic nerves were removed, contrasted with osmium tetroxide and Epon-embedded. Semithin cross-sections (0.5 µm) were cut using a microtome (Leica, RM 2155) with a diamond knife (Histo HI 4317, Diatome). Sections were stained with azur II-methylenblue for 1 min at 60 °C. Light microscopy observations were carried out with a ×100 lens (Leica DMRXA), and images were digitalized and analyzed with Openlab 3.1.1 and Scion Image software. Axonal counts and counting of Schwann cell numbers were performed on total sciatic nerve cross section. For electron microscopy analysis of sciatic nerves, ultrathin (50-70 nm) cross-sections were stained with 1% uranyl acetate solution and 2.66% lead nitrate and analyzed using a Zeiss EM10 or EM109 Leo. The g ratio was determined by dividing the circumference of an axon (without myelin) by the circumference of the same axon including myelin sheath. At least 100 fibers per mouse were analyzed. Axon and Schwann cell counts were performed on ten randomized electron microscopy pictures with a total area of 8,247 µm 2 .
Immunohistochemistry. For standard immunohistochemical analysis, mice were perfused with 4% PFA in 0.1 M phosphate buffer. Dissected sciatic nerve and spinal cord tissue was imbedded in paraffin. Teased fibers were prepared and immunostained as described in ref. 33 . Sections or samples were incubated overnight with primary antibodies to NRG1 (pRb; 1:250, Santa Cruz SC-348), EGR2 (pRb; 1:400 (ref. 34)), KI-67 (mR;1:100, Dako), POU3f1 (pRb; 1:500 (ref. 34)) MBP (mM; 1:200, Covance), Na v 1.6 (pRb; 1:250, Alomone), S100 (mM; 1:250, Millipore) and MPZ (mM; 1:1,000; gift from J. Archelos). Samples were then incubated with secondary cyanine dyes (1:1,000, Jackson ImmunoResearch) for 1 h at room temperature. For 3,3′-diaminobenzidine (DAB)-based immunostaining (KI-67), the Dako-LSAB 2 kit was used according to the manufacturer's instructions. Complete cross-sections of the sciatic nerve were analyzed. Digital images of stained sections and teased fiber preparations were obtained by light microscopy (Zeiss Axiophot or using a confocal laser scanning microscope, Leica DM RXA) and Openlab 3.1.1 software (Improvision). Images were processed by using US National Institutes of Health ImageJ, Photoshop CS (Adobe) and Illustrator 10 (Adobe).
RnA analysis. Total RNA was extracted using Qiazol Reagent according to the manufacturer's instructions (Qiagen). The integrity of purified RNA was confirmed using the Agilent 2100 Bioanalyser (Agilent Technologies). For reversetranscriptase (RT)-PCR analysis, cDNA was synthesized from total RNA using random nonamer primers and Superscript III RNase H reverse transcriptase (Invitrogen). Quantitative real-time PCR was carried out using the Roche LC480 Detection System and SYBR Green Master Mix according to the manufacturer (Applied Biosystems). Reactions were carried out at least in triplicate. The relative quantity of RNA was calculated using 7500 Fast System SDS software version 1.3 (Applied Biosystems). Results were depicted as histograms (generated using Microsoft Excel 2003) of normalized relative quantity values, with mean relative quantity value in the given control group normalized to 100%. As internal standards, actin beta (Actb), peptidylprolyl isomerase A (Ppia) and ribosomal protein, large, P0 (Rplp0) were used. PCR primer sequences are available upon request.
Protein analysis. Cultured cells were collected in lysis buffer (1% SDS in 0.1 M PBS with protease inhibitors (Complete; Roche)), whereas sciatic nerve samples where lysed in sucrose buffer (320 mM sucrose, 10 mM Tris, 1 mM NaHCO 3 and 1 mM MgCl 2 ) containing protease inhibitors (Completel Roche) and phosphatase inhibitors (PhosSTOPl Roche). Detection of immunolabeled protein was performed using chemiluminescence (NEN Life Science Products). Representative results from at least three independent experiments are shown. Western blots were incubated overnight with primary antibodies to NRG1 (pRb; 1:500, Santa Cruz SC-348), ERBB2 (pRb; 1:500, Santa Cruz SC-284), p-ERBB2 (pRb; 1:500, Santa Cruz SC-293110), ERK1/2 (pRb; 1:2,000, Cell Signaling #4695), p-ERK1/2 (pRb; 1:2,000, Cell Signaling #4370), GAPDH (mM; 1:5,000, Stressgen) and alpha tubulin (mM; 1:5000, SIGMA).
Primary cell culture. Rat Schwann cells were prepared from sciatic nerves of newborn rats (1-2 d old) as described previously 35 . For mimicking a denervated Schwann cell phenotype, cells were kept in minimal medium (DMEM (Gibco) with 5% FCS) and analyzed within 5 d after preparation. Cell media were then supplied with 20 ng per ml medium recombinant human Neuregulin-1 beta EGF like domain (EGF-ld, Reprokine). Blocking experiments were performed using the specific ERBB2 inhibitor II (Santa Cruz), MAP kinase inhibitor U0126 (Cell Signaling), PI3 kinase inhibitor LY294002 (Cell Signaling) and the calcineurin signaling inhibitor cyclosporin A (Ascent Scientific), which were added to the medium 2 h before Neuregulin-1 beta treatment. For analysis of primary rat Schwann cells with axonal contact, cells were added to the neuron-free compartments of Campenot chambers into which the axons of primary DRG neurons had grown 36 . Primary DRG neuron cultures were obtained from mouse embryos at embryonic day 13 as described in ref. 37. electrophysiology. Electrophysiology was performed on control mice (intact nerve) and after nerve crush injury (remyelinated nerve). Mice were anaesthetized with ketaminhydrochloride and xylazinhydrochloride (100 mg/kg body weight and 8 mg/kg body weight). A pair of steel needle electrodes (Schuler Medizintechnik) was placed subcutaneously along the nerve at sciatic notch (proximal stimulation). A second pair of electrodes was placed along the tibial nerve above the ankle (distal stimulation). Supramaximal square wave pulses lasting 100 ms were delivered using a Toennies Neuroscreen (Jaeger). Compound muscle action potential (CMAP) was recorded from the intrinsic foot muscles using steel electrodes. Both amplitudes and latencies of CMAP were determined. The distance between the two sites of stimulation was measured alongside the skin surface with fully extended legs, and nerve conduction velocities (NCVs) were calculated automatically from sciatic nerve latency measurements.
walking track analysis: sciatic functional index (SFI). The hind paws of each mouse were moistened with water-soluble, nontoxic ink and the mice were allowed to walk unassisted along a corridor lined with white paper. Five prints of each foot were selected for measurements at a point when the mouse was walking at a moderate pace. The parameters toe spread and paw print length from the intact and injured side were assessed to calculate the SFI as described 38 .
Statistical analysis. Data are expressed in mean ± s.e.m. unless indicated otherwise. Statistical differences over all groups were determined using either the nonparametric Mann-Whitney U test or the Student's t-test. Statistical differences were considered to be significant for P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001). All statistical analysis was performed using the software Statistica 10.0 (StatSoft). 
